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Outline

✤ Coherent pion production in neutrino interaction.!

✤ Looking for charged current coherent pion production 
in ArgoNeuT.!

✤ Results and outlook.
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Neutrino Scattering

http://homepages.warwick.ac.uk/~phrfba/index.php 3

Quasielastic Resonance

Deep inelastic
✤ Neutrinos can interact with 

matter in a variety of ways 
depending on the momentum 
transfer.



Coherent Pion Production
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✤ Neutrino can scatter coherently on 
the entire nucleus if momentum 
transfer to nucleus |t| is small!

✤ Forward going lepton and pion 
in final state!

✤ No visible recoil!

✤ NC coherent pi0 is background to 
electron neutrinos.

q2=(pν-pμ)2!
t= (q-pπ)2
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Theoretical Model (PCAC)

✤ Partially Conserved Axial Current (PCAC) relates  
neutrino-induced coherent pion production to pion-
nucleus elastic scattering.!

!

✤ Form factor (1−q2/M2A)−2 applied to extend to q2≠0.!

✤ Scale as A1/3, σCC=2σNC, σν=σν.!

✤ Used in Rein-Seghal model and most of generators.
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Experimental Results
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J.A. Formaggio, G.P. Zeller, arXiv:1305.7513

✤ Well established at high energy (E > 2 GeV).



Results from Fermilab

2664 S.WILLOW et al. 47

III. SINGLE PION PRODUCTION

A. Extraction of the signal

To extract the coherent signal, we use the characteris-
tic exponential decrease of the coherent cross section in
the variable ]t~, the square of the four-momentum trans-
fer to the nucleus. The value of ]t~ can be calculated
even when the momentum transferred to the nucleus is
very small and the recoil nucleus remains undetected. In
this case, ~t[ can be computed to a good approximation
by using the four-momenta of the observed final state
particles:
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where E; is the energy and p, r, (p, T ) is the longitudi-
nal (transverse) momentum of particle i, relative to the
neutrino direction; the sum extends over all observed par-
ticles except stubs. In the case of incoherent interactions,
the quantity ~t[ defined in Eq. (3) remains useful for sep-
aration of coherent and incoherent processes.
To extract the signal we follow the method used in

most previous experiments and described in Ref. [25].
The events are separated into two categories: events with
or without stubs. The events with stubs are necessarily
incoherent since the nucleus broke up, whereas the events
without stubs are a mixture of coherent and incoherent
events. Thus, the distributions for events with stubs may
be used to estimate the incoherent background affecting
the distributions for events without stubs.
In order to study reactions (1), we select events with

two prongs and no primary neutral strange particles or p
conversions. We find 136 p n+ (34 p+ m ) events with-
out stubs and 60 p, ~+ (20 p,+ ~ ) events with stubs.
The [t~ distribution for events without stubs is shown
in Fig. 4, together with the distribution for events with
stubs (dashed) normalized to the former distribution at
~t] ) 0.2 GeV . A large peak is observed in the distribu-
tion for events without stubs at ~t[ & 0.1 GeVz: there are
64 such events whereas there are only 7 events with stubs
in the same range of [t ~. After subtraction of the normal-
ized background, the signal is estimated to be (53.3+9.4)
events at ~t~ & 0.1 GeV2. Table I presents the number of
events found in the v„and v„channels separately and

FIG. 4. ~t~ distributions for p+ sr+ events, normalized at
~t~ ) 0.2 GeV .

combined. It should be noted that the magnitude of the
signal is not significantly affected by our particular choice
of background sample. For example, reducing the max&-
mum stub momentum from 800 to 350 MeV/c or selecting
only events with one or with more than one stub, does
not significantly change the size of the signal.
The background due to coherent p production where

both p conversions are undetected is estimated to be less
than 0.5 events at ]t~ & 0.1 GeVz, and that due to co-
herent aq production (with undetected p conversions) is
less than 0.1 events [23]. Therefore, these background
sources are neglected.

B. Corrections to the coherent signal

The observed signal is corrected for the following cuts
and losses.
(i) The correction for events removed by the ~ & 60'%%uo

cut was estimated to be (1.103+ 0.011).
(ii) The scanning efficiency for per events was assessed

to be (72.9+6.5)% from the results of a double scan and
a special scan in which the IPF and EMI data were used
to select frames with a muon candidate originating in the

TABLE I. Single pion coherent signal and cross section.

Events without stubs
Events with stubs
Events without stubs ~t~ & 0.1 GeV
Events with stubs ~t[ & 0.1 GeV
Signal ~t~ & 0.1 GeV (observed)
Signal (corrected)
&ca
N„h/Noo (x10 )
o, g (x10 s cm')

136
60
47
4

40.5 + 8.1
69.7 + 15.9

24197 + 609
0.29 + 0.07
3.5 + 0.8

34
20
17
3

13.6 + 5.0
22.8 + 8.7
4011 + 308
0.57 + 0.22
2.7 + 1.1

All

170
80
64
7

53.3 + 9.4
91.1 + 18.7

28208 + 682
0.32 + 0.07
3.2 + 0.7

PRL 63,2349, (1989)!
PRD 47,2661, (1993)
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Surprises

K2K, PRL 95, 252301 (2005)!
C target, <E> = 1.3 GeV
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✤ No evidence of coherent pion production at low 
energy from K2K and SciBooNE.

in the regions with q2
rec > 0:10 !GeV=c"2 at the best fit is

73.2 for 82 degrees of freedom.
Figure 3 shows the q2

rec distribution for the final CC
coherent pion sample. The number of events in each se-
lection step is summarized in Table I together with the
signal efficiency and purity. In the signal region, 113 co-
herent pion candidates are found. The neutrino energy
spectra for coherent pion events and the efficiency as a
function of neutrino energy, estimated using the MC simu-
lation, are shown in Figs. 4(a) and 4(c), respectively. The
total efficiency is 21.1%. The expected number of back-
ground events in the signal region is 111.4. After subtract-
ing the background and correcting for the efficiency, the
number of coherent pion events is measured to be 7:64#
50:40 !stat", while 470 events are expected from the MC
simulation. Hence, no evidence of coherent pion produc-
tion is found in the present data set.

The total number of CC interactions is estimated by
using the SciBar-MRD sample. As shown in Table I,
10 049 events fall into this category. Based on the MC
simulation, the selection efficiency and purity for CC
interactions in the sample are estimated to be 56.9% and
98.0%, respectively. The expected neutrino energy spectra
and the energy dependence of the selection efficiency for
CC events are shown in Figs. 4(b) and 4(d), respectively.
The total number of CC events is obtained to be !1:73#
0:02 !stat"" $ 104. We derive the cross section ratio of CC
coherent pion production to the total CC interaction to be
!0:04# 0:29 !stat"" $ 10%2.

Systematic uncertainties for the cross section ratio are
summarized in Table II. The major contributions come
from uncertainties of nuclear effects and the neutrino
interaction models. The uncertainty due to nuclear effects
is estimated by varying the cross sections of pion absorp-
tion and elastic scattering by#30% based on the accuracy
of the reference data [17]. The uncertainties in QE and
CC1! interactions are estimated by changing the axial-
vector mass by #0:10 GeV=c2 [13]. For DIS, the effect of
the Bodek and Yang correction is evaluated by changing
the amount of correction by#30%. The q2

rec distribution of
the non-QE-proton sample [Fig. 2(c)] indicates an addi-
tional deficit of background events in the region q2

rec <
0:10 !GeV=c"2. CC1! interaction dominates events in this
region; its cross section has significant uncertainty due to
nuclear effects. We estimate the amount of possible deficit
in the same manner as described in Ref. [7] with the one-
track, QE, and non-QE-proton samples. We find that a 20%
suppression of CC1! events for q2

true < 0:10 !GeV=c"2 is
allowed, which varies the cross section ratio by &0:14$
10%2. This variation is conservatively treated as a system-
atic uncertainty. We also consider the uncertainties of the
event selection, where the dominant error comes from
track counting, detector response such as scintillator

TABLE I. The number of events, the MC efficiency, and purity
of coherent pion events after each selection step.

Data
Efficiency

(%)
Purity
(%)

SciBar-MRD 10 049 77.9 3.6
Two track 3396 35.5 5.1
Non-QE pion 843 27.7 14.8
Second track direction 773 27.3 15.8
No activity around the vertex 297 23.9 28.2
q2

rec ' 0:10 !GeV=c"2 113 21.1 47.1

0
0.25

0.5
0.75

1

CC all

CC all

0 1 2 3
Eν (GeV)

0 1 2 3
Eν (GeV)

A
rb

itr
ar

y 
un

it

(b)

(d)

0.25
0.5

0.75
1

Coherent π

0 1 2 3
Eν (GeV)

0 1 2 3
Eν (GeV)

A
rb

itr
ar

y 
un

it

Coherent π

(a)

(c)

FIG. 4. Top: The neutrino energy spectra for (a) the coherent
pion and (b) total CC events. The hatched histograms show the
selected events. Bottom: The efficiencies as a function of neu-
trino energy for (c) the coherent pion and (d) total CC events. All
of them are estimated by the MC simulation.

TABLE II. The summary of systematic uncertainties in the
(CC coherent pion)/(total CC interaction) cross section ratio.

Error source Uncertainty of " ratio ($10%2)

Nuclear effects &0:23 %0:24
Interaction model &0:10 %0:09
CC1! suppression &0:14 ( ( (
Event selection &0:11 %0:17
Detector response &0:09 %0:16
Energy spectrum &0:03 %0:03
Total &0:32 %0:35
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FIG. 3 (color online). The reconstructed q2 distribution in the
final sample.
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Limitation of PCAC model

✤ PCAC model does not work well at low energy (E<2 GeV) 
and for lighter targets (12C, 16O).!

✤ Approximation of q2→0: pion angle too wide.!

✤ Uncertainty in pi-nucleus cross section treatment.!

✤ Alternative approach: Microscopic Models.!

✤ Excitation of the Δ resonance, better motivated at low 
energy (E<1.5 GeV).
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Coherent Pion Production in 
ArgoNeuT
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Liquid Argon TPC

μ

electrons

Signals

Wire plane

E
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✤ mm-scale position resolution, 
three dimensional imaging, and 
calorimetry
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Moving from PAB to MINOS ND Hall	

1/12/2009

PAB

In front of MINOS ND
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ArgoNeuT - Argon Neutrino TesT

✤ First TPC in a neutrino beam in the US!
!

✤ Sitting in NuMI beam!
!

✤ Located in front of MINOS near detector!
!

✤ 47×40×90 cm3 (170 L), wire spacing 4 mm

MINOS-‐ND

ArgoNeuT

NuMI tunnel
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ArgoNeuT’s Physics Run

✤ ArgoNeuT completed taking data. 
(9/14/2009-2/22/2010)!
!

✤ Physics goals:  

✤ Measure ν-Ar CC cross sections  

✤ Develop automated 
reconstruction techniques!
✤ Track reco!
✤ Shower reco!
✤ Calorimetry/PID

ν-‐mode	  (2	  weeks):	  0.085e20	  POT

ν-‐mode	  (5	  months):	  1.2e20	  POT
_

Neutrino mode
Horns focus π+, K+ 

Monte Carlo!

Monte Carlo
Antineutrino mode
Horns focus π-, K- 
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3D Tracks

Automatic Track Reconstruction

Hits Clusters

Raw Data

Wire Number
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U View

V View
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https://cdcvs.fnal.gov/redmine/
projects/larsoft

LArSoft



MINOS Track Matching

MINOS	  ND	  
(magnetized)

ArgoNeuT

Nucl.	  Inst.	  &	  Meth.	  A	  596,	  190	  (2008)

✤ The presence of the MINOS ND allows for energy 
reconstruction and charge identification of escaping muons.!
!

✤ We gratefully acknowledge the help of the MINOS 
collaboration for providing simulated NuMI flux, ND data, 
simulation and reconstruction code.
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Charged Current (CC) Inclusive 
Cross Sections

Neutrino mode, 8.5E18 POT
	  PRL	  108	  (2012)	  161802
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✤ Match track in TPC with track in MINOS - muon track.!

✤ NC background is negligible.!

✤ TPC measures muon angle, MINOS measures muon charge and momentum.
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Look for CC Coherent Pion 
Production

✤ Use antineutrino mode data (1.2E20 POT).

Event Selection!
[Reconstruction Cuts]

Event Classification!
[Boosted Decision Trees]

Signal Extraction & Cross Section
18



Event Selection

✤ Recall the event topology (forward going μ and π):!

✤ νμ+A→µ
−+π++A!

✤ νμ+A→µ
++π−+A!

✤ Two tracks.!

✤ One track is matched to a MINOS track (μ+/-).!

✤ dE/dx of the other track is consistent with MIP (π+/-).!

✤ No activity around the vertex.!

✤ Selection determined by optimizing S/sqrt(S+B).
19
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Remove Protons

Require pion candidate!
 mean dE/dx <5 MeV/cm!

Removing highly ionizing particles

Remove events with high pulse 
height on the first wire:!

proton overlapping with muon 
or pion.
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Calorimetry and PID for Stopped 
Particles

✤ dQ/dx ->  dE/dx!

✤ Electronics calibration factor!

✤ Electron lifetime correction!

✤ Recombination correction (Birks 
model or Modified Box model)!

✤ Calorimetry based particle ID!

✤ dE/dx vs residual range for contained 
tracks!

✤ Remove proton tracks for this analysis.

ArgoNeuT proton 
candidates

21



Vertex Activity

✤ Define a box surrounding the vertex, require charge 
inside the box must be associated with the two tracks.
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Remove stubs not reconstructed as 
tracks, deexitation gammas, etc.



Clean 2-track sample

✤ The Event Selection leaves us with a collection of neutrino/antineutrino events with 
clean 2 track topology.!

✤ Signal efficiency ~ 20%.!

✤ 30 antineutrino and 24 neutrino events in data.!

✤ The next step is to classify these events into Signal (CCCohPion) or Background (mainly 
CCRES and CCDIS)

Event Selection

The Event Selection leaves us with a collection of neutrino/antineutrino
events with clean 2 track topology.

Very exclusive selection: efficiency ≥ 20%.

data data

wire

time

wire

time

The next step is to classify these events into Signal (CCCohPion) or
Background (mainly CCRES and CCDIS)

,[2pt],

NuInt14, London
10/28
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Multivariant Analysis

✤ Ideally we would cut on|t|=|(q-pπ)
2
|

 !

✤ Most of the pions are not contained in ArgoNeuT, it’s impossible to fully reconstruct 
event kinematics. !

✤ We built a Boosted Decision Trees with all the available information:!

✤ Muon momentum measured by MINOS!

✤ Pion kinetic energy measured by ArgoNeuT!

✤ Muon <dE/dx>!

✤ Muon angle!

✤ Pion angle!

✤ Angle between muon and pion 24



Signal/Background Discrimination
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Signal and Background Candidates

Run	  800/Event	  29745	  
BDT	  =	  0.95

Run	  767/Event	  7307	  
BDT	  =	  -‐1.00

Signal	  candidate Background	  candidate

26



Data Fit with Signal and 
Background Shapes
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Systematics

✤ Flux normalization (11%) - dominant systematic error.!

✤ Reconstruction!

✤ MINOS momentum res. ArgoNeuT angle res., energy scale!

✤ The reconstructed parameters are varied by 1σ!

✤ Background Scale!

✤ We vary each background process by ±20%!

✤ Nuclear Effects!

✤ Background added by FSI. The model uncertainty is large, we vary this faction of events by 
±20%!

✤ Signal efficiency and model dependence!

✤ Use NuWro MC to evaluate signal-related systematics 28



Neutrino Flux

✤ We use hadron tuning provided by 
MINOS (SKZP).!

✤ Tuning was based on MINOS ND 
data and NA49 data.!

✤ We validated the hadron tuning using 
low-nu flux in neutrino mode, which 
has a minimal dependence on cross 
sections.!

✤ We assign a 11% flat error on flux.!

✤ Dominant systematic error on final 
cross section results.
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Signal Modeling

✤ Different models give very different predictions.!

✤ Use NuWro MC to evaluate systematics in signal 
efficiency and signal template shape.
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FIGURE 8. Total CC (left) and NC (right) coherent pion production cross sections on C 

• Martini This model [24] is part of a program that calculates quasielastic, pion production, and coherent pion 
production in a unified format. The emphasis is on nuclear medium effects with a full 2p-2h treatment including 
nucleons and A's. With their approach, FSI are automatically included. 

The following table gives some relevant characteristics of the microscopic models. 
TABLE 2. The cross section is thought to be dominated by the weak A diagram with 
strength of C^(0). 

Authors ciio) comment 
Alvarez-Ruso, Geng, Vicente-Vacas 

Elemandez, Nieves, Valverde 
Martini, Chanfray, Ericson, Marteau 

Nakamura, Sato, Lee, Szczerbinska, Kubodera 

Goldberger-Treiman value 
fit to ANL data 

Goldberger-Treiman value 
'bare + pion cloud' model 

Comparison of results for coherent reactions 

Total cross section data is available at neutrino energies relevant to this study from a few experiments. Even though 
the CC process has a larger cross section in all models due to isospin factors, the published CC measurements of 
K2K [47] and SciBooNE [57] are both upper limits and the NC measurements are more definitive [46, 56]. The 
predictions of all theoretical models are shown in Figure. 8. The Monte Carlo models use the older Rein-Sehgal 
model [43], extended as necessary; the values (except GENIE) tend to be larger than the lower energy data by a factor 
of 3-4 while agreement is good at higher neutrino energies. The other models are in approximate agreement with the 
total cross section data at lower energies. Some were published before the data was published. 

The MC models have striking features. The total cross section is large and the distributions have structure due to 
the resonances in the TtN cross sections used. This stracture is not seen in the other calculations. Within the Rein-
Sehgal model, differences in implementation are possible. For example, GENIE and NUANCE use more modem nN 
cross sections and absorption factors. In addition, the NUANCE coherent result has been scaled down to get better 
agreement with MiniBoone data [46]. As a result, the MC models don't agree in magnitude. 

With such a significant differences in the formulations of the PCAC and microscopic calculations, the hope is to 
see a difference in predictions. However, distributions in pion energy at 3 neutrino energies (Figure. 9) are similar in 
each case; high quality data will be needed to distinguish them. Predictions of pion energy distributions at constant 
pion angle and neutrino energy, displayed in Figure. 10, show strong forward peaking in all models; this feature comes 
directly from the dominance of the coherent process at Q^ '^ 0. The Nakamura, et al. result shows a more rapid falloff 
with angle. 

Microscopic models use different assumptions for the role of resonant vs. nonresonant processes, e.g. Cj (0) of 1.2 
for Alvarez-Ruso, et al. and '-^0.8-0.9 for Nakamura, et al. and Hernandez, et al. The Alvarez-Ruso result larger than 
the others by about a factor of 2. 
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Signal Template Shapes
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Cross section uncertainty [%]

Systematic E↵ect ⌫̄
µ

⌫
µ

B
ac

kg
ro

u
n
d CC QE +0.3

�0.4

+1.2

�0.6

CC RES +0.2

�0.5

+0.4

�0.3

CC DIS ±0.1 ±0.3

NC ±0.1 ±0.1

Wrong-sign µ ±0.1 ±0.2

Nuclear E↵ects ±0.3 ±0.7

R
ec

on
.

MINOS momentum res. ±4.1 ±4.3

ArgoNeuT angle res. ±1.6 ±2.7

POT ±1.0 ±1.0

Flux normalization +10.0

�12.0

+10.0

�12.0

Number of Ar targets ±2.2 ±2.2

E�ciency ±0.8 ±1.8

Model dependancy ±0.8 ±5.7

Total systematics +11.3

�13.1

+12.9

�14.5

Table 4.7: Breakdown of systematic errors. The systematic errors associated

to the background shape and scale have small contributions. This

is due to the low number of background events expected in the

signal region bins. The reconstruction uncertainties, in particular

the angular one, are more relevant as the discrimination between

signal and background depends on them. The leading systematic

uncertainty comes from the flux normalisation.

4.8 The Cross Sections

The cross sections are calculated using Equation 4.3. The number of targets

is 2.26 ⇥ 1027 argon atoms, estimated using the fiducial volume 41 cm ⇥
32 cm ⇥ 80 cm = 104.96 dm3. The e�ciencies and integrated fluxes are1750

listed in Table 4.8.

Using the estimations of the number of signal events (Section 4.6), the

flux-averaged cross sections for CC Coherent ⇡ production are found to be:
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Cross Section Results
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✏(%)
R

� dE (neutrinos.cm�2)
⌫̄
µ

21.8 2.94 ⇥ 1012

⌫
µ

18.4 6.56 ⇥ 1011

Table 4.8: E�ciencies and integrated flux values used for the calculation of
the cross section. The e�ciency is calculated in Section 4.4.4 and
the integrated fluxes result from the integration of the histograms
in Figure 4.2.

⌦
�
⌫̄

µ

↵
=

�
5.5+2.6

�2.1

(stat)+0.6

�0.7

(syst)
�

⇥ 10�39cm2, (4.13)

⌦
�
⌫

µ

↵
=

�
2.6+1.2

�1.0

(stat)+0.3

�0.4

(syst)
�

⇥ 10�38cm2. (4.14)

A comparison with neutrino generator predictions and other experimental

data is shown in Figure 4.25. The antineutrino measurement is in agreement1755

with the generators while the neutrino measurement shows a 1.2� deviation.
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Summary

✤ We present the first measurement 
of CC Coherent π production on 
Argon.!

✤ The LAr technique shows great 
potential for this measurement:!

✤ Great resolution at the vertex!

✤ Precise calorimetry!

✤ Looking forward to measurements 
in future LArTPCs - MicroBooNE, 
LAr1ND, etc.
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